As the market for motor steering components and parts becomes increasingly mature, the requirement for vehicle steering stability becomes strict. Steering wheel torque may fluctuate when the vehicle is running on an uneven road and under steering reversal condition. A change in the return torque of the steering wheel may result in insufficient return or return overshoot, which can affect the vehicle's steering stability. To overcome the adverse effect of random pavement excitation on vehicle return-ability, an electric power steering (EPS) system return control algorithm that integrates disturbance observer and back-stepping sliding-mode algorithm was proposed in this study. First, a return control strategy based on the return torque needed by the vehicle was established. Under the return condition, the observed value of disturbance observer was considered the theoretical basis. Then, the power-assisting motor return current of the EPS system was compensated, and the target current value of return control was determined. A full-vehicle model was established in Adams dynamic simulation software, and a controller model of the EPS system was built in MATLAB software. A random pavement excitation signal was then added in the Adams full-vehicle model, and return-ability was evaluated using vehicle yaw velocity and lateral acceleration. Finally, the stability of the designed system was verified on the test bed. Results show that the return torque provided by the power-assisting motor is verified through a comprehensive performance bench of 2 N.m, and the maximum return residual angle of the steering wheel is kept within 5°,thereby improving the vehicle steering stability. This study provides a theoretical reference for the return response of EPS systems under external excitations of different frequencies.
Introduction
With the continuous development of the auto industry and the improvement of living quality, electric power steering (EPS) system has become one of the main safety-critical components and parts of automobiles; the performance of EPS systems directly influences automobile service life and passenger safety [1] .In comparison with the traditional hydraulic power steering system, the EPS system has favorably solved the "light" and "flexible" contradiction during the vehicle running process and immensely satisfied consumer requirements in the two aspects while providing a gentle road feel for the driver. Now that power steering performance is recognized, people are paying increasing attention to the return-ability of EPS systems.Timely and accurate steering returnability is the basis for favorable vehicle steering stability.Under return condition, self-return torque is generated by the vehicle's wheels to assist in steering wheel return. Different vehicle models use different tire models. Vehicle tires have a complicated structure, and the self-return torque of tires is insufficient to assist in the steering wheel's return to point zero. If the tire's return torque is smaller than the total frictional loss torque, then the steering wheel cannot return to its central position. The prerequisite of the EPS system's return control is to determine the theoretical value of return torque, which should be provided by the EPS system to avoid the insufficient return and return overshoot phenomena. The complex running conditions of vehicles, as well as the change laws of vehicle self-return torque, results in considerable challenges to return control strategy design and actual vehicle experiment [2] [3] . At a theoretical level, the study of Li et al. indicated that multiple uncertain factors exist in the modeling of an EPS system and that the uncertain factors in the return characteristic curves degraded the system's working stability [4] .
Therefore, establishing an accurate return torque model that reduces the influence of pavement disturbance on returnability must be constructed to develop the EPS system. Moreover, the observation method of the change laws of return torque in pavement disturbance environment and the compensation strategy for return torque needed by the vehicle under different working conditions remain to be the difficult points in the study of EPS return control.
State of the art
The core of EPS system is in the power-assisting motor control algorithm. Several companies write control programs into control chips of circuit boards directly and conduct running operations and tests to verify the rapidness, accuracy, and working stability of the response of power-assisting motor control algorithms. However, such processes consume a large quantity of manpower and material resources. Therefore, establishing a full-vehicle model using dynamic simulation software is of considerable importance in studying control algorithms. Study means of electric power system is mainly dynamics model of the system, and main motor control strategy is power steering control pattern. Zhao et al. verified the accuracy of a power-assisting motor control algorithm by adding different working parameters in the system model that direct at return overshoot at low speed and insufficient return at high speed, which are two problems of the EPS system [5] . Mo et al. proposed a fuzzy PID return control algorithm based on steering wheel angle and expounded an acquisition method for the target current curve of return control [6] . Yang et al. combined three common return torque models, namely, Mitschke model, return torque semi-empirical model, and Reimpell model, and verified that the return torque values of the three models were all affected by the slip angle and vertical load [7] . Zhu verified the effect of return torque control based on a simulation model that integrated a full-vehicle, three-degreeof-freedom model and an EPS system model [8] . Eom et al. used a nonlinear state observer to investigate the nonlinear disturbance in the system and increased the compensation control in the system to enhance robustness [9] . Lin, C.M. et al. introduced the adaptive dynamic sliding-mode fuzzy control into the control system to improve nonlinearity and uncertain factors that exist in the EPS system, which effectively reduced motor noise [10] .On the basis of an established mathematical model of the EPS system, Hu et al. conducted an analytical study on the control algorithm and control logic of the EPS system, established system statespace equation, implemented simulation analysis of the system model, and analyzed the steering dynamic characteristics of the EPS system and its response to pavement disturbance [11] . The results laid a theoretical foundation for the design and practical application of EPS systems. Khan et al. used dynamic sliding-mode control for a multi-input, multi-output system to eliminate the nonlinear disturbance of system parameters [12] .On the basis of an EPS model, Lee et al. analyzed system stability with approximate linear and nonlinear torque mapping and proposed the design criteria for the stability compensator [13] . In view of the problems of EPS systems in terms of high-speed vibration and steering feel, Ma et al. proposed an active anti-disturbance EPS torque control method, developed an EPS variable-pattern controller, and verified the effectiveness of an active immune algorithm via bench test [14] . Du et al. used a non-disturbance state switching logical algorithm to establish a complete active return control strategy and effectively solved the sudden change problem of the output torque of the drive motor under frequent switching between assistant steering state and RTC state [15] . By using a permanent magnet synchronous motor as the control object, Lin, F.J. et al. proposed an intelligent second-order sliding-mode control (ISOSMC) algorithm based on the wavelet fuzzy neural network of asymmetrical membership function and verified the application effectiveness of the proposed ISOSMC in EPS systems through an experiment [16] . Zhang et al. improved the return-ability of an EPS system through a steering normal fuzzy logic control scheme of the absolute position of a steering wheel angle [17] .
The aforementioned studies show that the main research method of the EPS system is model simulation. Monitor control strategy refers to power steering control.However, given that actual running vehicle conditions are complicated, the steering and return conditions of the steering wheel exist when the vehicle is running. Thus, adding return control to motor control strategies is necessary. By using a full-vehicle model as the platform, an EPS system dynamics model was introduced in the present study. The observational mechanism of the response rate of vehicle return torque and the disturbance factors that influence the return-ability under pavement impact were investigated through theoretical analysis, model simulation, and performance bench test. The theoretical value of vehicle return torque was inferred starting from the self-return torque angle of the vehicle. A return control strategy was proposed based on steering wheel angle, torque, and vehicle speed and attached it to the EPS control program. On the basis of the sliding-control theory, disturbance observer was used to establish a return torque control model of the EPS system.
The remainder of this study is organized as follows. Section 3 establishes the system dynamics and return torque models of the EPS system. Section 4 analyzes vehicle return-ability using the Adams/Car joint simulation model. Section 5 summarizes the conclusions.
Methodology

Dynamic modeling of the EPS system
The EPS system consists of the steering wheel, steering column, torque sensor, ECU controller, power-assisting motor, and steering mechanism. The ECU controller receives the speed, engine speed, torque, and disturbance signals of the external pavement, current controls, and current direction of the power-assisting motor according to the preset control strategy. It also realizes the power steering function. Fig. 1 shows the structural chart of the EPS system. The system dynamics equations of the steering column, torque sensor, output shaft, rack drive mechanism, electromotor mechanical properties, electromotor, motor power torque, and motor electromagnetic torque are established based on the structural chart of the EPS system, as shown as follows:
Steering column:
Torque sensor:
Output shaft: 
Mechanical properties of the electromotor:
Motor mathematical model of the motor:
Motor power torque:
Motor electromagnetic torque: The system dynamics differential equations are transformed into system state control equations, and is set as the system state variable; is the system input variable; and is the system input variable. The system state equation expressed as follows: 
Analysis of the return resisting torque of the steering wheel
When the vehicle is under return condition, the control torque that must be applied by the driver to the steering wheel is the value of frictional resisting torque between tires minus the sum of tire self-return torque, return torque generated by the longitudinal force of the vehicle, return torque generated by vehicle gravity, and return torque provided by the EPS system. The frictional resisting torque between pavement and tire when the vehicle is under pivot steering condition should be calculated to determine the maximum return torque value provided by the powerassisting motor. The return torque provided by the motor, which is calculated through a theoretical formula, is the maximum return torque provided by the motor when the steering wheel conducts pivot return. A higher vehicle speed implies a greater return torque of the vehicle. The maximum hand steering power when the driver conducts pivot steering is set as . Thus, the steering torque acting on the steering wheel can be expressed as follows:
The computational formula for the pivot steering resisting torque is
When pivot steering resisting torque is 490, the steering torque acting upon the steering wheel can be expressed as follows:
The assisting power that ensures pivot steering is
The maximum return assisting-power torque designed in this study is 
Calculation model of the return torque of the steering wheel
The return torque of the steering wheel is decided by the running speed of the vehicle, rotary angle of the front wheels, and factors of the automobile itself. Return torque caused by lateral force from the tire is mainly considered in the return process of the steering wheel, whereas the return torque generated by the part unrelated to the lateral force from the tire is neglected [18] . The return torque caused by the lateral force from the tire can be obtained as
where v is the running speed of the vehicle, and δ is the rotary angle of the vehicle's front wheels. Equation (14) shows that when the vehicle speed is fixed, the rotary angle and return torque are small; and when the rotary angle is fixed, the vehicle speed is high and the return torque is small.
Design of disturbance observer
Irregular disturbance caused by uneven pavement and nonlinear friction between the mechanical parts of a steering system while the vehicle is running will result in poor working stability of the steering system. The basic design idea of the disturbance observer is to make the difference between the actual object and the nominal model output caused by an external disturbance and model parameter change equivalent to the control input end and then observe the equivalent disturbance of the system [19] . Fig. 3 shows the functional block diagram of the design of disturbance observer.
In Fig. 2, d is denotes the equivalent disturbance, ! d 1 is the estimated value of the disturbance, u is the controller output, and c is the sliding-mode controller output. The observer output can be expressed as follows:
The low-pass filter transfer function
Under zero original state, the nominal model transfer function of the control object is 
Design of inverse dynamic sliding-mode controller
The conventional sliding-mode controller contains a switchover item, which easily results in shaking. The dynamic sliding-mode control method can be used to reduce shaking effectively. The design of the sliding-mode controller can be obtained as follows.
x = θ s is set. The EPS model satisfies the SISO system. Organizing Equations (1)- (7) yields .
Substituting Equation (18) 
The rotary error of the steering wheel is defined as follows: 
Virtual control quantity is α 1 defined as
e 2 is defined as
Lyapunov function is defined as
Equation (24) yields.
Organizing Equation (25) yields
If e 2 = 0 , then ! V 1 ≤ 0 ; thus, further design is needed. Lyapunov function is defined as
Equation (23) yields
To satisfy ! V 2 ≤ 0 , the controller is designed as follows:
The control law of the sliding-mode controller is obtained by organizing Equation (29), as shown as follows:
where c 1 = 35,c 2 = 15 are control parameters.
MATLAB and Adams/Car joint simulation
The Adams/Car dynamic simulation software is used to establish a full-vehicle model and introduce a powerassisting motor torque variable in the steering system. In the Adams/Car pinion and rack steering system, force vector is modified and assistance is added. VARIABLE_1 is a powerassisting torque variable applied by the power-assisting motor to the steering system. The pinion and rack steering system model containing the power-assisting motor torque variable is used to replace the steering system model in the Adams/Car full-vehicle model; that is, the power-assisting torque variable applied by the power-assisting motor is introduced into the full-vehicle system. Figs. 3 and 4 show the pinion and rack steering system model and the full-vehicle model, respectively. The mechanical and mathematical models of the EPS system are combined with the full-vehicle dynamics model of Adams/Car. Adams/Car outputs the full-vehicle yaw velocity, whereas the EPS system outputs the powerassisting motor torque that acts upon the pinion and rack steering system of the full-vehicle model. Fig. 5 shows the block diagram of the system joint simulation. Table 1 lists the parameters of the EPS system. 
4.Result analysis and discussion
The response speed of the steering wheel and the tracking accuracy of the input signal under swerving condition are the main factors that influence driving safety. Therefore, analyzing the tracking response speed of the steering wheel and vehicle yaw velocity under swerving condition is important in making an objective evaluation of the working conditions of the steering wheel and the vehicle. Fig. 6 shows the step response curves of the power-assisting motor. The system response added with disturbance fast. Meanwhile, the system without disturbance observer has 10% overshoot after stabilization, and the system fails to follow the input signal effectively. Fig. 7 shows the sinusoidal response curves of the power-assisting motor. From the figure, the system response added with disturbance observer does not have an overshoot, and the motor response speed is fast. Meanwhile, the system without disturbance observer has 10% overshoot after stabilization, and the system fails to follow the input signal effectively. Fig. 8 shows that the residual angle of the steering wheel added with active return control is at 5°, whereas the one without active return control is 20°. The experimental results show that the residual angle of the steering wheel reduces by 15° when the vehicle added with active return control is returning at a low speed. 
Relationship between steering wheel response speed and control algorithm
3. Relationship between vehicle running stability and control algorithm
The vehicle speed is at 60 km/h, and the steering wheel is loosened after rotating at 40° (Fig. 9) . With sliding-mode return control, the steering wheel is stable at 5.8 s with a return residual angle of 9°. By contrast, without the return control, vibrations are observed and the steering wheel is stable at 3.2 s with a return residual angle at 20°.
The curves in Fig. 10 show the input torque-motor current characteristic curves of the power-assisting motors with vehicle velocities of 40 km/h and 60 km/h, respectively. The input torque of the steering wheel is within 2.5 N·m in the dead zone of the controller; that is, the return powerassisting torque provided by the power-assisting motor after the driver loosens the steering wheel is 2 N·m. 
Conclusions
To eliminate adverse the effect of pavement disturbance and uncertain factors of the model on the working stability of the EPS system, the theoretical value of the vehicle return torque was analyzed and a return control strategy was established based on the EPS system and full-vehicle model. The reliability of the algorithm was verified through model simulation and performance bench test. From the study, the following conclusions can be drawn:
(1) Vehicle self-return torque model is a theoretical basis for establishing the return power-assisting torque of the EPS system, and disturbance observer can effectively reduce the effects of uncertain factors of the pavement and system model on the stability of the return torque of the steering wheel. ( 2) The vehicle yaw velocity-power-assisting motor response characteristic curves show that adding return control can improve vehicle running stability. When the vehicle is returning at a low speed, return control can make the residual angle of the steering wheel return to smaller than 5°; this value of the residual angle meets the indicator requirement of the steering system industry for return residual angles.
In summary, disturbance state observer was introduced into the EPS control system, and the return control strategy for the steering wheel was proposed. The established model could reflect the actual state of a running vehicle. This method could be applied to return simulations and theoretical modeling studies of different automobile models. Given that the EPS system control model has several nonlinear factors, uncertainty and nonlinear time lag system models should be established to improve control accuracy.
